This paper is concerned with historical changes in domestic ventilation rates, relative humidity and the associated risk of house dust mite colonization. A controlled trial evaluated allergen and water vapour control measures on the level of house dust mite (HDM) Der p1 allergen and indoor humidity, concurrently with changes in lung function in 54 subjects who completed the protocol. Mechanical heat recovery ventilation units signi cantly reduced moisture content in the active group, while HDM allergen reservoirs in carpets and beds were reduced by circa 96%. Self reported health status con rmed a signi cant clinical improvement in the active group. The study can form the basis for assessing minimum winter ventilation rates that can suppress RH below the critical ambient equilibrium humidity of 60% and thus inhibit dust mite colonization and activity in temperate and maritime in uenced climatic regions.
Asthma and the house dust mite (HDM)
The UK has the highest prevalence of asthma symptoms in 13-14-year-olds in the world (see Figure 1 ). Over the past 25 years the incidence of asthma episodes has increased by a factor of three to four in adults, and six in children.
Although the disease is on the increase in many countries, the UK has by far the highest prevalence. Why should this be? What features are speci c to Britain that can be identi ed and isolated as key drivers and, more importantly, can anything be done to either slow the increase or reverse the trend? Concurrent with this dramatic rise has been a fundamental change in the design, construction and use patterns of domestic buildings in the UK. Changes to the Building Regulations such as increasing the thermal resistivity of the build- (13) (14) year old children n = 463 801extract highest and lowest six) Source: ISAAC Steering Committee 1 ing fabric and 'tighter' construction techniques-in conjunction with many other factors such as retro t double glazing and changing lifestyles-are likely to have resulted in a warmer and more humid domestic environment; conditions in which the dust mite species Dermatophagoides pteronnysinus can thrive.
Evidence implicating the house dust mite as a prime and independent causal factor in the aetiology of the disease has come from an investigation into the rise in asthma symptoms associated with mite colonization in tribal peoples in Papua New Guinea 2 where other possible predisposers associated with Western lifestyles (antibiotics/immunization/paracetamol/lack of breast feeding/high salt and fat diet/ increasing levels of hygiene) were not present.
The ideal conditions for mites to proliferate are at a temperature of 25°C and a relative humidity (RH) of 80%. 3 The mites live in an atmosphere where no liquid water exists and moisture balance is critical to their survival. Crowther et al. 4 have demonstrated that, as there is no difference in temperature between the mite and the environment, the relative difference between the air vapour pressure and the mites internal saturation vapour pressure, is proportional to relative rather than absolute humidity. A temperature of 20°C and 79% RH is the equivalent of 27°C at 56% RH. Under the initial conditions mites survive and thrive; under the latter they die. Arlian 5 has claimed that the critical equilibrium humidity (CEH) for dust mites is 73% at 25°C. Below this, transpiration of water from the mite to the atmosphere is greater than the rate of absorption from the atmosphere and dehydration occurs. At 40-50% RH individual adults survived for no longer than 8-11 days, however a population consisting of all life stages survived for 10 weeks, but decreased in numbers. Increasing RH to above 85% may also be detrimental to mite populations as mould growth inhibits survival due to the production of toxins. 6, 7 Humidity also plays a role in the quantity of food eaten. Below CEH mites consumed less than 5% of their body weight per day compared with 10-51% above CEH. These higher feeding rates result in a proportionately greater output of faecal pellets. 8 A uctuating environment with periods of high RH to maintain water balance and low RH to minimize mould growth, may thus be the preferred environment for mite colonization and proliferation. This is the hygrothermal regime typical of the domestic environment in the UK.
Relative humidity has also been shown to be 10% higher in carpets than in ambient air 1-2 m above the oor. 9 This could be attributable to the decreased air ow from convection or increased heat loss, combined with lower temperatures at oor level due to thermal stratication. Many fabrics are also hygroscopic and will absorb moisture from ambient air during the diurnal cooling cycle. The micro-climates in carpets, soft furnishings and bedding can thus provide an ideal environment for colony establishment and proliferation. A recent Danish study by Sidenius et al. 10 investigating eight dwellings inhabited by dust mite sensitive asthmatics, identi ed both carpets and mattresses as signicant allergen 'factories'. Gunnarsen et al. 11 also found signi cantly more mites on the oor than in the beds, with on average, over 15 times more mites found on carpeted than on lacquered wood oors (3 mites/m 2 against 46 mites/m 2 ). The UK has the highest consumption of carpets in Western Europe and North America at 3.9 m 2 per person, with 98% of British homes having tted carpets. This compares with 16% in France and 2% in Italy. 12 Tovey et al. 13 observed that individual mite faecal pellets contain very high concentrations of allergens, which will trigger reactions in susceptible individuals. During their active reproductive life, females were observed to produce (under laboratory conditions) 200-300 eggs. 14 As each dust mite can produce up to 60 times its own body weight in faecal pellets during its life-span 15 it is thus possible for colonies to generate large reservoirs of allergenic microparticles. These allergens have also been shown to be stable for at least 4 years 16 producing a cumulative antigen burden. Studies by Van Strien et al. 17 and Luczynska et al. 18 found allergen concentrations to be directly correlated with the age of the carpet. Contemporary leisure pursuits, provided by television and computers, have also signi cantly increased the time children spend indoors increasing the likelihood of exposure to these allergens. 19 Further evidence supporting the HDM hypothesis has come from skin prick testing of asthmatics in several countries. Eighty per cent of asthmatics in the UK give a positive test when injected with HDM allergen (see Table 1 ) con- rming exposure to a sensitizing dose. Cockroach allergen exposure may also explain why the increase in asthma rates in the US are almost double for the Black and Hispanic inner city population. 20, 21 Comparing Figure 1 and Table 1 it appears that HDM allergen exposure is higher in temperate climatic zones with a maritime in uence. To investigate this hypothesis and formulate a strategy for remediation requires the following research questions to be addressed: 1) What is the scale of the historical reduction in domestic ventilation rates and how will this impact on domestic moisture burdens and RH? 2) What is the scale of HDM infestation in dwellings where the RH regularly rises above the CEH? 3) What level of ventilation is required to ensure RH is maintained below the HDM CEH? 4) What avoidance measures can be implemented to reduce allergen exposure? 5) Will such a remediation strategy have measurable health bene ts?
Simulating changes in domestic ventilation rates
In 1985 the BRE 23 claimed that their was wide acceptance that a ventilation rate of 0.5 ac/hsupplemented by air extraction during cooking and bathing-was generally adequate to keep indoor pollutant concentrations below acceptable maxima, as well as avoiding condensation. Subsequent studies have undermined such a hypothesis. There are only three main databases on air leakage rates in UK dwellings. One is held by British Gas plc 24 and covers some 200 dwellings, the other two by the BRE 25, 26 covering 471 dwellings and 87 large panel ats. Both reports used the 'blow door' methodology to estimate air leakage rates as a proxy for air in ltration rates. The mean air leakage rate at 50 Pascals for the 471 dwellings tested was 13.1 ac/h with a range of 2 at the tight end and 30 at the leakiest. For dwellings constructed since 1987, the mean was 9.6 with a range of 3 to 22 ac/h at 50 Pa. Stephen 25 claims that there is a widely used rule of thumb whereby average natural ventilation rates in a given dwelling represent around one twentieth of the air leakage rate at 50 Pa (he concedes however that the divider may in certain circumstances fall between 10 and 30). Given this level of uncertainty surrounding the combined effects of both planned and unplanned ventilation it is dif cult to generate any rm conclusions, but studies by Coward et al. 27 looking at VOCs in a range of dwellings categorized by date of construction, concluded that VOC levels were rising due to this trend, combined with the type of construction materials now prevalent e.g., chipboard ooring, PVC tiles, paint nishes, etc. Formaldehyde levels found in the 1998 stock were almost three times that of the dwellings constructed before 1919. For total VOCs there was a measured increase between 1991 and 1998 of 300 ug/m 3 (200-500 ug/m 3 ). The more recent stock was measured to be, on average, 3.5 ac/h at 50 Pa 'tighter'. If such a reduction in unplanned ventilation rates is primarily responsible for the measured increase in VOC concentrations, the move toward small tight dwellings is highly likely to have a profound and negative impact on indoor air quality and respiratory health. Due to major modernization and alteration programmes, it proved dif cult to identify a large enough subset of dwellings in their original con guration which could act as a suitable test bed. The approach left open is to compare possible changes over the period by constructing theoretical models and running computer based simulations, which can at least norm reference the likely scale of any changes.
ESP-r 28 is an integrated modelling tool for the simulation of thermal, visual and acoustic performance of buildings. Five traditional Scottish house-types-typical of a particular epoch (see Figure 2 )-were modelled.
The main construction characteristics (volume, materials, heating system, ues, window type, crack length and trickle vents) were input as boundary conditions to the appropriate living room area. Simulations were then run to estimate air change rates during a 48-h mid-winter period (see Table 2 ).
The most apparent difference between the two earlier and the three later models is the impact of the 'Clean Air Acts' on the presence and use of open ues. An open re would drive even greater air change rates, however, it was not possible to model such a scenario. In terms of volumetric air-ow, the late Victorian tenement has over nine times the rate of a contemporary timber frame model. Although the simulations are not necessarily attempting to criterion reference the models to produce an accurate facsimile of reality, the method can be defended as a technique to benchmark longitudinal trends and identify the in uential factors (wind speed and direction) driving the systems. The CIBSE 29 recommendation of 8 litres/s per person for odour control equates to an air volume approaching 29 m 3 per hour-almost twice the background air change rate of the twenty-rst century model. Such low rates in tight modern dwellings are highly likely to allow odour, smoke and other hazardous indoor air pollutants to build, particularly during the months when windows remain closed. The implications for vapour dissipation rates are of equal concern.
3 Moisture dissipation rates Ventilation rates have an important impact on water vapour dispersion and diffusion. The following calculations are based on the mass ow rate of moisture, relative to the speci c air change rates for each generic house type. It is assumed that the external air entering the living room through one inlet is mixing perfectly with the 'moist' air in the zone. The calculation is based solely on the living room as the test bed, with notional input and output boundary conditions for a typical winter day (incoming air temperature 4°C, relative humidity 80%, mixing ratio 4 g/kg, speci c volume 0.7898 m 3 /kg). The internal conditions are determined using the resultant data from the simulations: temperature 21°C, air change rate, volume and ow rate speci c to each model. By inputting a set amount of water vapour into the system, a mass ow calculation can estimate the rate of moisture escape. A gure of 3 litres was used as it represented a crude pro-rata volume (BRE 28 average household water vapour production from breathing, bathing, clothes drying and cooking). The volume ow rate is calculated for each model using the volume of the model and the air change rate from the simulations. This is then used to calculate the mass ow rate of air, which when multiplied by the moisture difference between the internal and external air provides the mass ow rate of moisture. Moisture dissipation rates can then be determined assuming that all the moisture leaves the room (see Table 3 ). It is thus more likely that relatively tight, energy ef cient, modern dwellings will be subject to progressive and cumulative moisture build-ups during the winter months, if windows remain closed. They are also likely to have water vapour burdens that allow RH to regularly rise above the 60% threshold, allowing the establishment and proliferation of dust mite colonies. Furthermore, diurnal temperature variationsparticularly in lightweight construction that has little thermal capacitance-will be greater, increasing relative humidity and condensation rates, which can be reabsorbed by carpets, bedding and soft furnishings.
The 1996 Scottish House Condition Survey 31 established that 25% of the housing stock suffer from problems of dampness and/or condensation. Such damp conditions are likely to be correlated with HDM colonies and their allergenic byproducts. Any study designed to investigate the role of HDM on asthmatic patients must include a strategy to attack the existing reservoir of HDM allergenic proteins contained in the dust reservoirs, as well as reduce internal RH to inhibit live mite activity.
Methods: an interventionist, double blind, placebo controlled trial
Sixty-eight volunteer asthmatics in 43 public sector dwellings in North Lanarkshire (UK) were recruited via the local schools (50 , 15 years at the outset) and a range of remedial measures were applied to their dwellings to reduce allergen reservoirs and dust mite activity. The dwellings were typically four apartment semidetached properties with gas red central heating, urea-formaldehyde cavity insulation and PVCu double glazing (average NHER rating of 5.2). The dwellings were monitored for 6 months to establish baseline pro les before retro-tting mechanical heat recovery (MHRV) cartridge units (Baxi Clean Air Systems Ltd -E100) in bedrooms and living rooms. The cohort was randomly split into two active groups: AG2 (n = 32), (steam cleaning of carpets, new bedding and active fans) and AG1 (n = 17), (steam cleaning of carpets and new bedding with placebo fans). A control group, (n = 19) received placebo steam cleaning and placebo fans. Dust samples were taken from living room carpets, bedroom carpets and beds on a 3-month cycle and subjected to immunological assay to test for Der p1 (an allergenic protein contained in the faecal pellet); temperature and relative humidity in living rooms and bedrooms was continuously monitored at 90 minute intervals; self-recorded peak ow readings were taken morning and night to assess changes in lung function along with a 3-monthly health questionnaire.
Results
Immunological assays of dust reservoirs (0.5 m 2 sampled in the living room and asthmatic's bedroom-one minute vacuum time) were undertaken and this initial monitoring cycle con rmed that 59% of living room carpet dust samples, 75% of bedroom carpets and 78% of beds contained Der p1 ratios greater than the WHO asthma sensitization threshold of 2 mg/g of house dust. 32 In addition to this, 25% of living room carpets, 50% of the bedroom carpets and 56% of the beds, were found to contain concentrations greater than the upper threshold (10 mg/g-see Figure 3 ). When the initial dust sampling cycle was compared with the nal cycle (1 and 8), the percentage above the WHO thresholds (2 and 10 mg/g dust) for all dust samples (carpets and beds) fell from 80% to 21% and 65% to 4% (n = 78), respectively in AG2, from 61% to 41% and 34% to 4% in AG1 (n = 31) and 65% to 15% in the control group (n = 39). The total reduction for AG2 was 96%. Relative humidity readings taken during the rst six winter months at 90 min intervals in all bedrooms prior to intervention, produced a mean RH of 55% (see Figure 4) . Even when the external moisture content is low-due to cold winter air temperaturesmost of the bedrooms remained suitable for dust mite survival.
Hygro-thermal monitoring- Figure 5 illustrates the hygro-thermal pro le for a dwelling in AG2. A comparison of the 4-month winter periods before and after shows a signi cant reduction in bedroom, RH, independent of temperature. Maintaining low absolute humidity will dry-out the micro-climates and undermine HDM viability. Mean internal dry bulb temperatures did not vary signi cantly before and after the intervention in the living rooms (20.2 to 20.6°C), however, the bedroom temperatures did fall by an average of 1.4°C (19.2 to 17.8°C). This appears to be a function of the increased ventilation rates. Despite this drop in temperature, which would normally result in RH increasing, Figure 6 demonstrates a reduction in internal absolute humidity (calculated over the period at 12% comparing the active group with the control groups-measured at the same time of year).
Changes in health status
Face to face interviews using health questionnaires (shortened version of MacMaster 33 ) were completed on a 3-monthly cycle. The results from the two key questions introduced for the sixth data collection cycle (9 months after intervention) can be seen in Table 4 . From these gures we can conclude that there was a highly signi cant association between the extent of the intervention and perceived improvement in both air quality (Fisher's exact test P = 0.001) and asthma (Fisher's exact test P , 0.0001). Testing at the 5% level of signicance, Q1 demonstrates that the three groups do not have the same probabilities for improvement. The active groups cannot be separated (at the 5% level) but have higher probability than the control group. The estimated probabilities are: 14% and 89%. Again, for Q2 the three groups are not the same. The Control group cannot be separated from AG1, with an estimated common probability of improvement of 27%, whereas AG2 have an improvement of 81%.
Discussion
The level of Der p1 identi ed in the existing dust reservoirs was considerable, with 59% of the living room carpet dust samples, 75% of the bedroom carpet dust samples and 78% of the bed surfaces, found to be above the WHO threshold for allergenic sensitization. Indeed 50% of the bedroom carpets and 56% of the bed surfaces contained more than 10 mg/g-the upper threshold known to be associated with severe allergic reactions. Since the amount of dust mite allergen seems to have an associated clinical risk, it is noteworthy that some exceptionally high concentrations were found with 18 samples above 100 mg Der p1/g of dust, nine of which were above 200 mg Der p1/g of dust and three of which were above 400 mg Der p1/g of dust. This study has identi ed that 7 out of 10 cohort subjects were exposed to house dust mite allergen burdens above the WHO sensitization thresholds. Although the cohort was not randomly selected-being volunteers-the house-types studied are typical of the Scottish public sector stock as a whole. On average Der p1 levels in AG2-which had the additional MHRV intervention-were reduced by over 96% (comparing cycles 1 and 8-absolute weight of Der p1). The MHRV units also reduced the absolute humidity in the bedrooms, which may explain the reduction in re-colonization rates. Although the participants were unaware that some fans were placebo units, which simply recirculated the internal air, the health questionnaires demonstrated signi cant improvement in air quality and asthma.
Confounding variables
There were however several confounding variables that may have in uenced the overall result: a) As no pressure tests were undertaken the background air in ltration rates were unknown.
Although the fan units provided circa an additional 12 air changes per day to the bedrooms/living rooms, this has to be compared with the air in ltration characteristics of the dwelling. Furthermore, no advice was given or estimates made of window opening or closing, with participants being advised to simply maintain normal use and behaviour. b) The placebo units were imperfect having lters that scoured the internal air of a signi cant amount of airborne particulates. c) The age pro le was heavily skewed (65% of the cohort were under 16 at the outset of the study). Childhood asthma appears to be more capricious than the adult condition and their growth over the period would result in some increase in lung function. d) As no skin prick tests were undertaken to assess the cohort's sensitization to HDM, the project could not differentiate between the health effects in uenced by a reduction in airborne Der p1 and/or the overall improvement in indoor air quality by simple dilution of internal pollutants such as methane and VOCs, which are known to exacerbate symptoms. e) The control cohort was inadvertently sensitized to the role of the HDM in the aetiology of the disease and a range of strategies to reduce exposure (laminate ooring/vacuums with HEPA lters/new bedding, etc.) were implemented. This appeared to drive unexpected improvements in lung function in the control groups.
Conclusions
This trial, when taken in conjunction with the growing body of scienti c literature, supports the view that-at least on the balance of probability-changes to the design and use patterns of our dwellings are highly likely to be the most signi cant single driver producing the current asthma pandemic in Britain. If the levels of allergenic protein found in the dust reservoirs sampled in this trial are typical of the Scottish (or British housing stock) a signi cant proportion (80%) of the current asthma pandemic is due to HDM allergen exposure. Effective allergen denaturing/avoidance techniques such as steam cleaning and mattress encapsulation can signi cantly reduce the reservoir of allergenic protein available for inhalation. Mechanical heat recovery ventilation can reduce mixing ratios particularly during the winter months.
This study has demonstrated that such a strategy is likely to result in an improvement in air quality and lung function. The implications for house design and ventilation rates are signi cant. As room volume drops and air tightness increases, complementary ventilation regimes will have to be incorporated. Building standards and professional codes must now be revised to prioritize moisture control as being key to health and safety. A performance speci cation can be framed that requires dwellings to be capable of maintaining-given normal domestic activity regimes-internal RH below the critical equilibrium threshold required for HDM colonization i.e., 60%. Air change rates of 0.5 ac/h are likely to produce high indoor water vapour pressures which regularly rise above the CEH of the HDM. The use of MHRV-particularly in small 'tight' dwellings-will allow planned ventilation rates to be increased to 1.3 ac/h, expelling moisture and diluting hazardous indoor pollutants, without an energy cost penalty being incurred.
